Introduction

51
During dynamic exercise, increased skeletal muscle blood flow is essential to ensure an 52 appropriate supply of O 2 to the active muscles and to remove the metabolic byproducts and 53 generated heat. This exercise-induced skeletal muscle hyperemia is thought to be initially 54 elicited by local mechanical and metabolic factors and to be modulated by neural cardiovascular 55 regulatory mechanisms (8, 41) . Neural mechanisms also act to increase cardiac output (CO) 56 and to redistribute blood flow from inactive regions to support the increase in skeletal muscle 57 flow. This neural cardiovascular regulation is thought to be mediated by central command (41) 58 as well as by feedback transmitted via afferent nerves (group III and IV fibers) innervating the 59 working skeletal muscles, which are sensitive to mechanical (the so-called muscle 60 mechanoreflex) and metabolic changes (the so-called muscle metaboreflex) (26, 33, 34, 37, 42) , 61 and are modulated via the arterial and cardiopulmonary baroreflexes (23, 41, 42) . 62 Reducing the blood flow to working muscles during dynamic exercise causes 63 accumulation of metabolites within the active muscles and evokes muscle 64 metaboreflex-mediated increases in sympathetic nerve activity, heart rate (HR) and systemic 65 blood pressure (1, 5, 12, 19, 29, 30, 35, 42) . In addition, the reduced blood flow and resultant 66 accumulation of metabolites would cause muscle fatigue so that recruitment of additional motor 67 units would be required to perform the same amount of work, and thus central command would 68 terms of ml/min. CO was calculated from the SV and HR as CO = SV • HR. Total vascular 159 conductance (TVC) was calculated as TVC = CO / MAP. Hemodynamic, respiratory and 160 metabolic values at rest were calculated by averaging the data obtained during the 3-min resting 161 period. The values during exercise at each box pressure setting were obtained by averaging 162 over the last minute of the each 3 min of exercise (i.e., 3rd, 6th, 9th and 12th min of the exercise, 163 respectively). RPEs were obtained at the end of each 3-min of exercise. 164 
Statistical analysis 165
Data are presented as means ± SE. Two-way repeated-measures analysis of variance 166 followed by the Bonferroni post-hoc comparisons test were performed to compare the 167 cardiovascular, respiratory and metabolic responses between control and negative pressure trials 168 during EX20, EX40 and EX60, respectively. Values of P < 0.05 were considered significant. 169
170
Results
171
Figure 1 shows representative exercising LBF responses during EX60 in the control and 172 negative pressure trials for one subject. Group average LBF responses in the control and 173 negative pressure trials are shown in Figure 2 . Under control conditions, LBF increased from 174 the resting level and then remained steady throughout the exercise at all workloads. During 175 EX20, none of the negative pressures affected LBF. During EX40, on the other hand,10 application of 45 or 70 mmHg negative pressure increased LBF as compared to the control 177 condition. In addition, LBF was significantly higher during application of 70 mmHg negative 178 pressure than at the 3rd min of exercise, a point when box pressure is the same as the ambient 179 pressure in both the control and NP trials. During EX60, all applied negative pressures 180 increased LBF to levels significantly higher than both control and the level at the 3rd min of 181 exercise. Femoral artery diameter did not differ at rest among the trials, and it was unchanged 182 during exercise at all workloads in both the control and negative pressure trials. The average 183 femoral artery diameter in the six trials at rest was 9.5 ± 0.3 mm. 184 Figure 3 shows group average responses for MAP, HR, SV, CO, TVC and RPE in the 185 control and negative pressure trials. During EX20, HR and CO increased from rest and then 186 remained steady in both the control and negative pressure trials, whereas MAP, SV Effects on V E, V O 2 and V CO 2 are presented in Figure 4 . During EX20 in both the 205 control and negative pressure trials, V E was higher than the resting level at all time points. 206 Significant increases in V O 2 were observed only at the 12th min of exercise in both trials. 207 V CO 2 was higher than the resting level at the 3rd and 6th min in the control trials and only at 208 the 3rd min in the negative pressure trials. During EX40 and EX60, V E, V O 2 and V CO 2 all 209 increased from their resting levels, but then did not significantly change over time in either the12 control or negative pressure trials. Thus application of negative pressure to the leg did not 211 alter the V E, V O 2 or V CO 2 responses during exercise at any workload. 212
213
Discussion
214
To the best of our knowledge, this is the first study examining the effects of increasing 215 blood flow to exercising muscle on systemic cardiovascular, respiratory and metabolic 216 responses during dynamic exercise at workloads ranging from very mild to moderate in humans. 217 The major finding of this investigation is that the increase in exercising LBF induced through 218 application of negative pressure to the lower thigh had no significant effect on systemic 219 cardiovascular responses during EX40, but it greatly attenuated the pressor responses induced 220 by EX60. These results indicate that during EX40, normal blood flow to exercising muscles is 221 not a factor eliciting systemic cardiovascular responses, but systemic pressor responses are 222 elicited under the same conditions during EX60. This suggests that blood flow to the 223 exercising muscle becomes inadequate relative to the work being done by the muscle at an 224 exercise intensity between 40% and 60% of peak workload, and that this insufficiency 225 contributes to the systemic pressor responses elicited during exercise at levels higher than that 226 threshold intensity. Importantly, the increase in LBF during EX60 almost completely 227 eliminated the gradual increase in MAP and HR observed under control conditions, suggesting 228 13 that normal levels of blood flow to exercising muscles are a major factor contributing to the 229 gradual induction of pressor responses during dynamic exercise at moderate intensity. 230 During EX60, increasing LBF through application of negative pressure to the lower thigh 231 reduced HR and CO, but TVC was not significantly affected. This means that the attenuation 232 of the blood pressure response seen with increases in exercising LBF is due mainly to a 233 reduction in CO, not peripheral vasodilation, and that the decrease in CO was the net result of a 234 decrease in HR with no change in SV. Application of negative pressure to the entire lower 235 body (i.e., lower body negative pressure; LBNP) during dynamic leg exercise increases 236 perfusion pressure in the exercising muscles (13, 36), but LBNP also reduces central blood 237 volume by causing blood to pool in the lower body (13, 28, 36, 43) . As a result, CO and 238 arterial blood pressure fall due to a significant reduction in SV, while unloading of the arterial 239 and cardiopulmonary baroreceptors work to increase HR and peripheral vascular resistance (9, 240 13, 21, 28, 36) . Thus the mechanism underlying the decrease in CO and arterial blood 241 pressure observed in the present study differs from that during application of LBNP. In our 242 experimental model, we applied negative pressure to only a small tissue mass (i.e., lower thigh) 243 in an effort to avoid pooling of non-negligible amounts of blood and the resultant reduction in 244 SV. Indeed, the observed reduction in HR in the face of decreased arterial blood pressure 245
indicates that application of negative pressure to the lower thigh did not evoke baroreflex 246 14 responses. This is particularly important for evaluating the effect of increasing blood flow to 247 exercising muscle on the systemic pressor response, as baroreflex responses would counteract 248 and obscure the attenuation of pressor responses. In addition, application of negative pressure 249 did not significantly affect any measured variables during EX20. These results indicate that 250 application of negative pressure to the lower thigh does not, by itself, affect hemodynamic 251 responses, which is further evidence that the attenuation of pressor responses observed with 252 application of negative pressure during EX60 is secondary to the increase in blood flow to the 253 exercising muscle. 254
Although we do not know for certain the mechanism(s) responsible for the attenuation of responses has been examined in both animals and humans to characterize muscle 264 15 metaboreflex-mediated pressor responses (5, 18, 19, 24, 30, 35, 51) . It has been shown that at 265 low workloads, a substantial reduction in exercising muscle blood flow (~50% of free flow) is 266 needed to evoke a pressor response, but that increases in the workload reduce the change in 267 blood flow necessary to evoke the reflex pressor response. Our results are consistent with 268 those earlier studies and further show the contribution of the exercising muscle blood flow to 269 cardiovascular responses under free-flow conditions, which could not be examined in earlier 270 studies relying on reduced blood flow to exercising muscle. The non-significant effects of the 271 increase in exercising LBF on the pressor responses during EX40 indicate that the muscle 272 metaboreflex is not activated at mild workloads with normal exercising muscle blood flow, most 273 likely because flow remains sufficient to prevent accumulation of metabolites within the active 274 muscles. It follows then that the observed attenuation of the pressor responses elicited by 275 increases in exercising LBF during EX60 could be due to inhibition of the muscle metaboreflex, 276 reflecting the elimination of metabolite accumulation. These results also suggest that the 277 muscle metaboreflex is tonically active during exercise at a moderate workload, reflecting 278 conditions in which normal blood flow to exercising muscles is not sufficient to prevent the 279 accumulation of metabolites. 280 Alternatively or in addition, central command may be reduced by the increase in 281 exercising muscle blood flow. It has been shown that subjects must make a greater effort to 282 perform the same amount of work when blood flow to exercising muscles is restricted (14, 19, 283 30). In such situations, the reduced blood flow and resultant accumulation of metabolites 284 would cause muscle fatigue, and recruitment of additional motor units would be required to 285 maintain the same force. Thus central command would be increased. It is seems likely that 286 the opposite reaction occurs when blood flow to exercising muscles is increased by negative 287 pressure. More specifically, the increased blood flow would reduce the accumulation of 288 metabolites within exercising muscles, thereby reducing fatigue. This concept is supported by 289 our observations that 1) decreased exertion was only observed when blood flow to exercising 290 muscle was increased (i.e., RPE was lower in the negative pressure trials during EX40 and 291 EX60, but not EX20), and 2) the decrease in RPE was more apparent during higher intensity 292 exercise that likely induced greater accumulation of metabolites under normal blood flow 293 conditions.
Central command primarily alters HR in humans via modulation of 294 parasympathetic tone (41).
During small muscle mass exercise, such as rhythmic 295 plantarflexion, it does not increase sympathetic outflow to muscles until the effort is nearly 296 maximal (47). In the present study, effort was moderate at the end of EX60 under control 297 conditions. At that intensity, the reduction in central command during the negative pressure 298 trials may not have influenced sympathetic activity to the resistance vessels. Therefore, less 299 central command may account for part of the reduction in HR seen in the negative pressure 300 trials during EX60. Still, the mechanism(s) mediating the attenuation of cardiovascular 301 responses via increases in blood flow to exercising muscles remains to be elucidated. 302
In contrast to the apparent inhibition of pressor responses, the increase in exercising LBF 303 had no significant effect on ventilatory responses. This indicates that normal blood flow to 304 exercising muscle does not provoke exercise hyperpnea during rhythmic plantarflexion exercise 305 up to moderate intensity. In addition, our results suggest that the cardiovascular responses are 306 more susceptible to alterations in the balance between exercising muscle blood flow and the 307 metabolic demands of the active muscle than are the ventilatory responses. These results agree 308 well with earlier findings showing that whereas metabolic feedback evokes important pressor 309 responses from working muscles, it has little effect on respiration (27, 40, 46) . It is noteworthy, 
Limitations and Methodological Considerations 321
We assume that application of negative pressure raises the perfusion pressure in the lower 322 thigh via muscle pumping action and leads to an increase in exercising muscle blood flow. 323 However, because we did not measure leg venous pressure, we could not assess changes in 324 perfusion pressure in the leg and provide a definitive explanation for the increase in blood flow. 325
It has been reported, however, that externally applied negative pressure is well transmitted to 326 calf tissues, and that ~80% of the applied negative pressure is even transmitted as much as 4 cm 327 deep into the muscle tissue (39, 50). Although these results were observed under resting 328 conditions, it would seem reasonable to assume that approximately 80% of the negative 329 pressure was transferred to the calf muscle tissue, at least during the relaxation phase of the 330 exercise. The reduction in tissue pressure would be expected to lead to distention of the veins, 331 lowering venous pressure, and in turn to greater filling of the venous segments during the 332 relaxation periods than would occur at normal pressure. Contractions of the leg muscles 333 during application of negative pressure would then lead to intermittent emptying of the 334 well-filled veins and hence the mean flow in the leg will be increased (i.e., muscle pumping 335 action). For this reason, effective muscle pumping action is essential for continuous elevation 336 19 of the perfusion pressure and facilitation of LBF upon application of negative pressure. We 337 found that the application of negative pressure to the lower thigh increased LBF during EX40 338 and EX 60, but not during EX20. We think that during EX20, the force of the muscle 339 contraction was too weak to pump out a sufficient volume of blood from the well-filled veins to 340 reduce venous pressure. As a consequence, the perfusion pressure may not increase enough to 341 facilitate flow into the veins during the phasic relaxation periods. This scenario is supported 342
by the results of an earlier study demonstrating that application of negative pressure to a resting 343 leg induces a rapid rise in leg blood flow within 30s, after which the flow declines to a level 344 below the baseline within 60 s (32). It is likely that negative pressure application at rest 345 increases blood flow only during the initial venous distension, as venous pressure returns to 346 baseline once the veins are fully distended (4). 347
In addition, without leg venous pressure measurements, we were unable to evaluate 348 changes in vascular conductance in the exercising leg. If the leg vascular conductance (LVC) 349 increased with application of negative pressure, it might be a factor contributing to the reduction 350 in MAP observed during the EX60 trials. When we calculated LVC as LBF/MAP, which does 351 not take the change in leg perfusion pressure into account, it was significantly higher than 352 control during application of negative pressure in EX40 and EX60. The largest increase in 353 LVC was observed with application of 70 mmHg negative pressure during EX60. We estimate 354 20 that this increase in LVC reduced MAP by ~4 mmHg as follows. Making the assumption that 355 CO and vascular conductance elsewhere in the body (i.e., TVC minus LVC) did not differ from 356 those observed under control conditions, we estimated MAP using the following formula: MAP 357 = CO observed in control / (TVC in control -LVC in control + LVC in negative pressure 358 conditions). However, the estimated reduction in MAP (i.e., MAP observed in control -359 estimated MAP) accounted for less than 40% of the actual change in MAP, which means the 360 attenuated MAP responses observed during the negative pressure trials are not explained by the 361 increase in LVC. Importantly, assuming that perfusion pressure in the exercising leg increased 362 during application of negative pressure, the actual LVC might not increase or may be lower than 363 that calculated as LBF/MAP. Therefore, the influence of an increase in LVC on the MAP 364 response should also be smaller than what we estimated as above. Moreover, as mentioned, 365 the major cause of the lower MAP was a reduction in CO, as there was no significant change in 366 TVC. It is noteworthy that HR and CO would not decline during application of negative 367 pressure if the reduction in MAP resulted solely from an increase in LVC, rather than 368 deactivation of pressor mechanism(s) via increased LBF. 369
To evaluate blood flow to the calf muscles, flow measurements at the popliteal artery 370 would be preferable to measurements at the common femoral artery. However, to sustain the 371 negative pressure at specified levels, our subjects had to wear a Neoprene leg seal that covered 372 21 the area around the knee to prevent leakage of air into the box. In addition, a sidewall of the 373 negative pressure box was situated around the popliteal region. These technical features made 374 it impossible to position the ultrasonograph probe at the proper location to measure blood flow 375 in the popliteal artery. We therefore decided to assess LBF in the common femoral artery. 376 The LBF measured in the common femoral artery reflects the whole-leg tissue blood flow. 377
At rest, blood flow to the skin and non-muscle tissues accounts for 40% to 50% of the total LBF 378 (45). During exercise, however, the relative fractions of flow to the skin and non-muscle 379 tissues greatly decline due to a marked rise in blood flow to the exercising muscles. For 380 example, the contribution of skin blood flow to total femoral blood flow is reportedly less than 381 10% during bicycle exercise at ~50% of maximum oxygen consumption (45), and the flow to 382 non-muscle tissues is even lower than to the skin. It thus appears safe to assume that a large 383 majority of the increase in LBF during plantarflexion exercise reflects blood flow to exercising 384 muscles. Moreover, because the rise in LBF during application of negative pressure is induced 385 through muscle pumping action, most of that increase in blood flow would be expected to 386 perfuse exercising muscles. Consistent with that idea, application of LBNP reportedly reduces 387 leg skin blood flow (49) . 388 Recent studies by Sinoway and colleagues (10, 32) showed that distension of veins in the 389 limbs can induce reflex vasoconstriction and systemic pressor responses. If this response 390 control and negative pressure (NP) trials. Abbreviations: EX20, EX40 and EX60, exercise at 608 20%, 40% and 60% of peak workload, respectively; NP20, NP45 and NP70, 20 mmHg, 45 609 mmHg and 70 mmHg negative pressure, respectively. *P < 0.05 vs. control, †P < 0.05 vs. 610 rest, ‡ P < 0.05 vs. 3rd min of exercise (i.e., when the box pressure is the same as the ambient 611 pressure in both the control and NP trials). 
